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ABSTRACT
Characterization of Local Void Content in Carbon Fiber Reinforced Plastic Parts
Utilizing Observation of In Situ Fluorescent Dye Within Epoxy
Wyatt Young Warner
Manufacturing Engineering, BYU
Master of Science
Experimentation exploring the movement of voids within carbon fiber reinforced plastics
was performed using fluorescent dye infused into the laminates observed through a transparent
mold under ultraviolet light. In situ photography was used as an inspection method for void
content during Resin Transfer Molding for these laminates. This in situ inspection method for
determining the void content of composite laminates was compared to more common ex-situ
quality inspection methods i.e. ultrasonic inspection and cross-section microscopy. Results for
localized and total void count in each of these methods were directly compared to test samples
and linear correlations between the three test methods were sought. Test coupons were then cut
from these laminates and were used to calculate the interlaminar shear strength at certain
locations throughout the laminates. Although this research did not adequately observe
correlations between results obtained from ultrasonic C-scans, cross-sectional microscopy and in
situ photography of the surface, it was seen that the fluid dynamics of the thermosetting epoxy
used in this experimentation correlated to results obtained from previous experimentation
performed by students at Brigham Young University using vegetable oil as a substitute for resin.

Keywords: composite, resin transfer molding, infusion, in situ photography, void detection, nondestructive testing, carbon fiber reinforced plastics, liquid compression molding, interlaminar
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1

1.1

INTRODUCTION

A Brief Introduction to Composites
Composite materials in manufacturing are defined as any part or material created by the

combination of multiple materials. This definition includes everything from concrete reinforced
with metal rebar to carbon fiber reinforced with resin. The combination of materials in a
composite has the exceptional effect of enabling the combined benefits of several materials. In
particular, carbon fiber infused with an epoxy resin to the net shape of a working part has proven
to have excellent mechanical properties, sometimes comparable to steel, at a fraction of the
weight. These beneficial properties are conditional on the quality of the manufacturing process
and include the challenge of optimization of material and manufacturing.
Utilization of composites is increasing in industries demanding high performance
components, particularly in aerospace. Currently, aerospace manufacturers perform nondestructive inspection (NDI) and non-destructive testing (NDT) of manufactured parts which
commonly consists of ultrasonic testing (UT) of 100% of the part as required by the Federal
Aviation Administration (FAA). These inspection processes target large defects in the part,
including dry spots and delaminations resulting from errors in the manufacturing process such as
leaks during vacuum infusion. Apart from such large defects, ultrasonic testing also presents the
ability to measure the local void content i.e. the porosity and air entrapment in a composite part,
however the effectiveness of this methodology has not been satisfactorily demonstrated. Upon
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review of current NDT/NDI practices in the industry of composites manufacturing, ultrasonic
testing is perhaps the most efficient and non-destructive method for quality inspection of
composite products.
The majority of manufactured composites consist of a fibrous fabric such as fiberglass or
carbon fiber which is then infused with a resin and cured to the net shape of the part. The type
and layout of the weaves of these fabrics is chosen depending on the desired mechanical and
cosmetic properties for that specific part and application. In all variations of this process, it is
probable that air bubbles or "voids" of ranging sizes will be introduced into the sample during
the infusion of resin. These voids create undesirable weak spots in the composite as they greatly
decrease the mechanical properties of the part. These voids are the primary concern of industry,
and methods are constantly being developed to minimize or eliminate their creation and to detect
their presence.
Fiber-reinforced plastics are the most common type of composite used in aerospace,
automotive and other performance industries. They consist of fiber reinforcements held in place
with a polymer matrix. The majority of mechanical properties are determined by the
reinforcements which are held in position and environmentally isolated by the matrix. Common
reinforcement cloths are carbon fiber (the main material of focus in this research), fiberglass or
Kevlar cloth. Reinforcement fabrics are created in several types and patterns, both woven and
unidirectional. The fibers used in these composites have particularly excellent tensile properties.
Designers optimize fiber placement depending on the function of the part. The resin matrix does
not contribute significantly to the mechanical properties, but protects the fibers from abrasion
and environment and holds the shape of the composite part.
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Pre-impregnated (prepreg) composite material is very popular within the aerospace
industry as the prepreg manufacturing process is resilient to void formation. Additionally,
prepreg manufacturing processes are particularly effective against the creation of voids. However,
using prepreg is expensive, often requires more advanced tooling, and is difficult to handle
regarding both toxicity and drapability. Liquid composite molding (LCM) processes such as
resin transfer molding (RTM) involve dry reinforcements. These processes are less expensive
and easier to handle, although their processing makes them more susceptible to void content,
which is why they are not used as much as prepreg for high performance products. LCM is
becoming a more viable alternative to prepreg processes as industry understanding matures
regarding how to minimize and otherwise mitigate the effects of void content. Advancements in
localized void detection and the effects of those voids on the mechanical properties of the part
will allow companies of all sizes to further enhance process optimization for LCM processes.
Previous research at Brigham Young University has involved tracking void formation
and movement in situ during LCM by infusing composite samples with fluorescent dye. These
previous studies employed canola oil as the test fluid instead of the usual epoxy matrices used in
industry to simplify post-process cleanup. This method has great potential as a way to monitor
and control quality of infusions during the process and as a method to validate resin flow
characteristics pre-production and post-simulation.

1.2

Prepreg Manufacturing
Use of preimpregnated fibers often provides highest achievable mechanical properties in

any composites application. Prepreg parts are cured in large pressure vessels called "autoclaves."
This process minimizes air bubbles in the resin and throughout the part. Prepregs are also clean
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and easy to work with compared to traditional layup methods and tend to have shorter curing
times. Additionally, the resin content is tightly controlled from the manufacturer which
eliminates brittleness from excess resin. However, they are more costly, have limited shelf life
and require expensive autoclave ovens to cure.
Prepreg materials are placed into molds and then set into autoclave ovens to cure.
Autoclaves use temperature and vacuum to produce high pressures which, in accordance with
Henry's Law and the Ideal Gas Law, minimize the void content inside the part, thereby
maximizing mechanical performance. The part is held in this extreme environment for extended
periods of time until the resin matrix has cured with this minimal, optimized void content.
Prepreg manufacturing makes up the majority of high performance composite manufacturing in
industry today, and individual companies have developed customized processes and curing
“recipes” according to requirements of the customer.

1.3

Liquid Composite Molding
Liquid Composite Molding (LCM) is a composite manufacturing process where the

matrix is pulled or pushed through the shaped reinforcement either with vacuum (a process
called vacuum infusion) or over-pressure (in a process such as RTM). The resin-infused matrix is
then allowed to cure to produce the shaped part. LCM is more susceptible to internal void
content formation which reduces strength compared to prepreg materials cured in an autoclave,
but it has tremendous cost advantages, both in materials and tooling. With recent advancements
in LCM methods and technology, manufacturers are making parts with performance properties
that compares to those made in autoclaves from prepreg material.
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1.4

Objective
As the pressure gradient through the cross-section of a composite laminate during an RTM

infusion will be constant, it was considered possible that void content on the surface of a
composite laminate during infusion and post-cure will reflect the local void content throughout
the thickness of the sample. It is possible that void formation can be monitored and mitigated by
monitoring the flow front under a black light using a fluorescent dye. Using a non-curing
substitute for an epoxy resin would make the validation of this theory more convenient and
would reduce cost, presenting a new method of testing and simulation to be used by
manufactures of composites made via RTM.
This thesis expands on prior research by investigating the use of fluorescent dye in epoxy
resin to compare void formation results between oil-based and epoxy-based testing, and thus
aims to validate the easier oil-based testing. The infusions were photographed during infusion
and the voids were analyzed in attempt to create a model for void formation as a function of flow
velocity. The void formation results were then compared to results from ultrasonic (UT) testing
to evaluate the agreement between the photographs’ surface void content and through-thickness
void content measured by C-scan ultrasound. These two methods were then compared to the
through-thickness void content as measured by more traditional microscopy of polished crosssections. The last comparison between methods was made by measuring the mechanical effects
of the resulting voids with inter-laminar shear strength (ILSS) testing.
The research of this thesis will add upon the current understanding by aiming to validate
the in situ surface photography method of void inspection with the following objectives:
1-

Validate the previous oil-based in situ fluorescent dye method by showing that void
formation is congruent with void formation in an epoxy based test.
5

2-

Observe possible ways to model void growth between completed infusion and cure from
photographs.

3-

Compare ultrasonic attenuation and through-thickness micrographs versus void content
determined by photography of the surface at the end of infusion. Investigate if there is a
correlation between looking at local void content on the surface (photo) and looking at
the porosity through the thickness (UT) or cross-sectional microscopy.

4-

1.5

Validation of all methods versus ILSS of cross-sectioned cuts of samples.

Definitions of Terms

A Priori - relating to or denoting reasoning or knowledge which proceeds from theoretical
deduction rather than from observation or experience
Autoclave - Large oven used to cure composites (prepreg) by increased pressure caused by high
temperatures and steam
Bias - Line angle diagonal to the machine direction or grain of a fabric
Biaxial (Biax) - Orientation where reinforcement fabric is woven in two axes
C-Scan - Ultrasonic imaging method which produces a through-thickness “topographical map”
view of attenuation on a sample
Carbon Fiber-Reinforced Plastic (CFRP) - Composite material consisting of carbon fiber
fabric and cured resin
Couplant - Material that acts as a coupler between an ultrasound device and the tested material
necessary for transferring and acquiring ultrasonic signal
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Crimping - Bending, weaving or folding of composite fibers
Cure - Hardening or “freezing” of polymers as the cross-linking chemical process occurs
Delamination - Mode of failure where layers of reinforcement separate to cause significant loss
in mechanical properties
Drapability - A fabric’s ability to drape and cover a mold and conform to shape
FAA - Federal Aviation Administration
Fabric - Weaves of reinforcing fibers (fiberglass, carbon, etc.)
Fiber Reinforcement - The front of the matrix material as it advances through the tooling and
preform material during the infusion process
Flow Front - Positional front of the matrix as it flows through tooling during infusion
Gelation - Point at which a resin begins to cure or freeze
Infusion - The process of permeating a fiber preform with a matrix material through pressure
and/or vacuum assistance
Interlaminar Shear Strength (ILSS) - Strength exhibited between laminate layers within a
composite material
Laminate - Composite structure or sample built of multiple flat layers of fiber held in position
by a resin matrix
Localized - Concentrated region on a manufactured part
Liquid Composite Molding (LCM) - Manufacturing process where liquid-phase matrix is
forced through the reinforcement
7

Macrovoid - Void created within the channel between fiber tows or rovings
Matrix - Continuous phase of a composite which retains shape of reinforcement and
environmentally isolates fibers
Microvoid - Void created within the fiber tow or roving
Morphology - Study of the form, specifically in movement of voids in this application
Non-Crimp Fabric - Fiber fabric in which crimping or bending of the fiber is sought to be
minimized or eliminated as the fabric is non-woven
Non-Destructive Inspection (NDI) - Inspection methods that do not destroy samples or render
them unusable
Non-Destructive Testing (NDT) - Methods of testing specimens which does not result in
deformation or damage of the sample
Ply (Plies) - A thickness or layer of a laminate
Preform - An assembly of dry fibers either stacked in plies or mechanically woven into the
shape or geometry of the final part
Prepreg (Preimpregnated Material) - Fiber cloth on which resin matrix is coated prior to layup
and which is cured with thermal exposure or pressure
Resin Infusion (RI) - Process of pushing or infusing resin throughout a sample
Resin Transfer Molding (RTM) - LCM process where a dry reinforcement fabric is placed in a
closed mold and matrix is pushed through the fabric under high pressure
Roving – A bundle of fibers, typically referring to glass
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Synchrotron-Source X-Ray CT (SRCT) - A form of computer tomography (CT scanning)
which uses synchrotron radiation as its light source which is much brighter than traditional X-ray
light sources
Thermoset - A polymer where two parts of resin combine and are cured to become irreversibly
hardened where molecular chains cross-link with each other
Tow – A bundle of fibers, typically referring to carbon
Unidirectional - Orientation where reinforcement fabric is woven in one axis
UT - Ultrasonic testing, used as a non-destructive testing method
Vacuum Infusion (VI) - LCM process where matrix material is drawn through the
reinforcement using vacuum pressure, usually employing a flexible membrane for one side of the
mold, such as a vacuum bag
Void - Air or gas entrapment within the matrix
Warp - Fibers in fabric oriented longitudinally or lengthwise along the fabric production
direction
Weft - Fibers in fabric oriented transversely to the production direction

9

2

2.1

LITERATURE REVIEW

Composites and Their Applications
A composite is a material consisting of two components. Composites are becoming more

widely used in industry as performance requirements increase and manufacturing becomes more
simple and feasible. Examples of composites include fiberglass or carbon fiber manufactured
parts or wood laminates and concrete reinforced with metal for structural material (Strong 2008).
Composite materials offer increased mechanical properties including specific strength and
stiffness and reduced thermal expansion with reduced weight; this makes composites very
attractive for high performance applications.
Many industries, particularly aerospace, are manufacturing parts using fiber-reinforced
plastics considering their mechanical advantage. However, there are downsides to composite
manufacturing which include extensive process times for layup and curing, specialized tooling
requirements, labor-intensive setup, raw material costs, etc. Considering these downsides,
composites are not always the most advantageous material for every application.

2.2

Formation of Voids
Defects in composite parts can include entrapment of air bubbles during LCM, foreign

material between laminate layers during layup, defects in reinforcement fabric, etc (Fahr et al.
1992, Kastener et al. 2010). Trapped air bubbles or "voids" are the primary focus of this and
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other research as they are the most difficult to detect and control in composite manufacturing.
These voids result from bubble entrapment during infusion and must be removed before the
process of resin gelation for optimal mechanical performance (Fahr et al. 1992, Park et al. 2011,
DiLandro 2017). Void content can be variable throughout a manufactured part which introduces
localized variation in mechanical properties.
Studies have been conducted and literature published regarding the optimization of LCM
processes, particularly in the mitigation of void formation. It is known that the infusion velocity
of resin into reinforcement fabric will have a direct effect on the sizes and locations of voids
within the sample (Lundstrom et al. 1994, Patel et al. 1995, Lundstrom 2000, George 2014,
Zobell 2017). In these studies, it was discovered that the formation of either macrovoids or
microvoids is determined by the infusion velocity. At lower velocities, capillary flow outpaces
the inter-tow flow, trapping larger inter-tow macrovoids (Patel et al. 1996, Matzusaki et al. 2014,
Burton 2018). Conversely, a higher flow velocity resulting in faster flow in between the tows
which causes the capillary flow into the tows, thus trapping intra-tow microvoids. These
concepts are illustrated in Figure 2-1 and Figure 2-2.

Figure 2-1: Illustration of microvoid and macrovoid
formation reproduced from George (2014).
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Figure 2-2: Microvoid and macrovoid formation reproduced from Park
(2011) and George (2014).

In light of the formation of these voids due to differences in infusion velocity, there exist
several publications which describe the concept of an optimal speed at which resin can be
infused to minimize both micro and macro-void formation (Lundstrom et al. 1994, Patel et al.
1995, Lundstrom 2000, Zobell 2017). At lower infusion velocities, macrovoids are more likely to
occur, while as infusion velocity increases, microvoids become more likely to occur within the
fiber reinforcements.
Several publications support the concept of this optimal infusion velocity that minimizes
these voids as illustrated below in Figure 2-3 (Patel et al. 1995, Lundstrom 2000, Zobell 2017,
Burton 2018), although a consensus has yet to be reached regarding the exact shape and behavior
of this curve or a clearly defined numerical relationship for this concept. However, if this
concept were to be explored and a numerical relationship determined, manufacturers utilizing
LCM processes would benefit in order to minimize the formation of voids by modifying the
velocity at which the resin is infused.
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Figure 2-3: Conceptual illustration of void content as a function of
resin velocity reproduced from Mr. Burton's thesis (2018).

2.3

Mechanical Effects of Voids
Voids in composite laminates have a significant negative impact on the mechanical

properties of parts, especially as composite failures can be catastrophic in nature (Olivier et al.
1995, Strong 2008). Specifically, experiments have shown that interlaminar shear strength (ILSS)
of composites decreases significantly with increasing void content (Bowles et al. 1992,
Lundstrom et al. 1994). An early approximation has been made that the interlaminar shear
strength reduces by about 7% for each 1% of voids present, up to a maximum of about 4% void
content (Strong 1989).
One source later found that for every 1% increase in void content between 0% - 5%
yields a decrease in ILSS and flexural strength of up to 10% and a decrease in flexural stiffness
of up to 5% for every 1% of void content (Ghiorse 1993). As shown in Figure 2-4,
experimentation was performed and resulting data published that supports these observations
(Ling et al. 2006).
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Figure 2-4: Relationship between shear, flexural and tensile
strengths and void content reprinted from Ling et al. (2006).

2.4

Void Measurement
Due to the severity of the effects of voids, companies use several techniques to inspect

for void content in parts. The most traditional methods to characterize local void content are
destructive by nature, and ex situ, involving cutting samples from the cured laminate. The void
content of these samples can then be tested by acid digestion, combustion (ASTM D 3171-99),
or photo microscopy of a polished cross-section (Grelsson 1992, Yuechao et al. 2016, DiLandro
2017). Considering the long processing times required in composite manufacturing, these
destructive testing methods can have significantly high costs.
Non-destructive inspection methods range from ultrasonic inspection to acoustography,
X-Ray radiography, and thermography (Dutton 1996, Kastner et al. 2010, Kapadia 2014, Poudel
et al. 2014). These methods are far more attractive to manufacturers since no product is wasted;
composite parts represent a significant investment, particularly to companies with limited
resources. With non-destructive methods, test samples are profitable assuming they pass
acceptance tests.
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2.5

Ultrasonic Measurement
Ultrasonic inspection is the most widely used non-destructive method, given its

efficiency and ease of operation compared to other methods (Habermehl et al. 2008, Kapadia
2014). Using ultrasound to inspect for void content is common industry-wide. It has been shown
that void content and ultrasonic attenuation are directly related within composite parts (Stone et
al. 1975). Ultrasonic testing has been streamlined in many ways; some manufacturers have
developed portable and automated tooling. This method has proven itself to be very reliable and
effective, so much so that ultrasonic testing has become industry standard for parts as they begin
or continue their service.
As cycle times decrease during composite manufacturing, inspection is likewise
becoming more streamlined, foremost of which is ultrasonic testing. Companies like Olympus
have created mobile ultrasonic testing devices to increase inspection rate and clarify data
analysis (Habermehl et al. 2008). There are several practices of ultrasonic testing used to identify
the location and depth of voids in composites. However, these methods are non-standardized,
differing greatly between manufacturers (Smith 2009, Yuechao et al. 2016) and the equipment
they utilize.
Research correlating ultrasonic attenuation and mechanical properties has been
performed on laminates made from preimpregnated material that were autoclave-cured to detect
localized porosity and voids (Olivier et al. 2007). Needless to say such research applied to
material made from LCM is less common but is necessary as its utilization continues to grow in
industry. As this information becomes more available to manufacturers, the utilization of
composites made with LCM will prove the advancement of several industries.
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2.6

Homogenous Assumption
As the aerospace industry grows and manufacturing becomes easier and more efficient,

NDT and data analysis will grow as a bottleneck in manufacturing (Strong 2008, Smith 2009).
Inspection for large defects such as dry spots or delamination is common industry-wide for
performance parts, although no industry-wide standards exist for overall void content. This is
perhaps due to the greater difficulty associated with its measurement. The FAA documents
material qualification procedures for composites and ASTM has a standard for testing of
composites for void content (DOT/FAA/AR-03/19, ASTM D2734) but no actual size or
mechanical data requirements are specified.
It is held within the composites industry that void content as low as 1%, or 2.5% to 5%
are usually considered acceptable (Composites Material Handbook 2002, Kastner et al. 2010,
and DiLandro 2017). The previously mentioned ASTM standard also briefly mentions that a
density of 1% or less is "a good composite" (ASTM D2734, DIN EN 2563) which raises
questions about how these values are justified and how can the high costs often associated with
destructive inspection or testing be avoided and inspection time shortened?
Research is allowing advancements in theoretical testing on composite samples in
comparison to destructive testing on structural parts (Davies et al. 2002, Olivier et al. 2007)
although these assume the sample has a homogenous void distribution. In other words, the
samples are assumed to have a universal distribution of voids with regards to void size and
location. This assumption is also implied with the overall void content goals mentioned in the
previous paragraph. This homogenous assumption could be hazardous as a local area of high
void content will allow failure at a low applied force, despite the rest of the sample being pristine
material (Grelsson 1992, Olivier et al. 1995). This assumption is justified by many who
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specialize in the utilization of prepreg, considering the processing method and its inherent
uniformity in pressure application to the laminate (George 2014, DiLandro 2017). However, void
content variations are more likely to exist in composites made by LCM due to the applied
pressure gradient throughout the laminate, as well as mechanical entrapment of bubbles during
infusion (George 2014), and thus are more likely to require full inspection.
Void content varies throughout composite parts, resulting in performance variations,
force concentrations, and weak points in parts which can result in catastrophic failures.
Considering the consequences of failure, inspection for void content is required by the Federal
Aviation Administration (FAA) and by the Department of Defense (DOD) over 100% of a
manufactured part (Composites Material Handbook 2002). This 100% inspection policy may be
justifiable as performance requirements increase, and becomes less daunting as inspection
technology becomes increasingly streamlined (Smith et al. 2009, Fahr et al. 1992).

2.7

In Situ Void Measurement
The ex situ void measurement methods listed above cannot be relied upon to determine

the relationship between void formation and flow velocity. This is due to the fact that after the
flow front has passed a particular location in the mold, and voids formed there may move or
change size before gelation and cure. These changes are described by fluid dynamics, such as the
constantly changing pressure gradient during infusion, diffusion of air into the matrix and the
mobility of a bubble within the reinforcement (Patel et al. 1996, Lundstrom 1997, Lundstrom
2010). Thus the voids seen in ex situ measurement methods are not an accurate representation of
void formation.
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A priori methods employ textile and fluid dynamics modeling to calculate analytical
predictions of the optimum velocity for minimal void formation (Park et al. 2011). Such
analytical methods are challenged by the random (stochastic) nature of bubble behavior.
Experimental methods can be divided into the previously mentioned ex situ or in situ methods. In
situ methods investigate bubbles during infusion, preferentially at the moment they are formed as
the flow front passes a particular location in the reinforcement. This allows correlation of bubble
formation with instantaneous flow front velocity, without confounding by the post-formation
changes in the bubbles. Light-based photography through transparent tooling is the most intuitive
of such methods, and has been used to directly observe bubbles and the dual-scale fluid
saturation (Park et al. 2011, Lebel et al. 2014, Zobell 2017), but only in fiberglass reinforcements
due to their high translucence. Such results are not as relevant to high-performance composites
where opaque carbon fibers are generally used due to their higher mechanical performance.
Synchrotron-source x-ray CT (SRCT) was used in one study to monitor bubble evolution during
infusion (Vilà 2015), but only in a single glass roving, with little in common with actual
industrial conditions.
Various non-photography based in situ methods have been used to evaluate the general
amount of air in a select volume within the mold. These include comparison of flow-rates at the
inlet and at the flow front (Strong 1989), electrical conduction (Labat et al. 2001, Gueroult et al.
2014), thermal conduction (Ravey et al. 2014, Villière et al. 2015), or light transmission (LeBel
et al. 2017). All but the latter (light transmission) are applicable to opaque carbon fibers but only
one instance is known where carbon fibers were used in experimentation (Ghiorse 1993). All of
these non-photographic methods require expensive specialized equipment. In addition, none of
them can give any information regarding the bubbles’ morphology, e.g. location, size, aspect
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ratio, and orientation. Such metrics are important to determining the mechanisms behind the
effect of such voids on the resulting mechanical properties.
Thus despite the progress in void formation modeling, no suitable method for observing
bubbles during infusion of carbon reinforcement is available in the literature. An experimental
methodology to photograph bubbles in-situ during infusion of carbon reinforcements has been
developed at Brigham Young University with fluorescence (Zobell 2017, Burton 2018). The
fluorescence application is similar to that used to enhance image contrast in similar optical
studies of fiberglass (LeBel et al. 2013, 2019). A combination of transparent tooling, macro lens
photography, ultraviolet (UV)-sensitive dye, and UV lighting allows sight of bubbles within the
resin adjacent to the tooling surface. Sample images of bubbles photographed with this
methodology are shown in Figure 2-5. The bubble locations are fairly obvious in such images to
the naked eye. Efforts are being made towards automating this void measurement, details of
which will be presented in future publications.
The opacity of the tows in such images prevents sight of any bubbles away from the
tooling surface, but it is hoped that the bubble population, i.e. concentration and morphology,
against the surface is similar to the population through the thickness of the material. Other
publications are in preparation regarding analysis of in situ void formation and post-formation
void evolution (Burton 2018), all based on studies using a test fluid, canola oil, instead of a
thermosetting matrix as would be used in industry. Oil usage facilitates testing as the clean-up is
easier compared to a curing matrix, and the viscosity is more stable. But a thermosetting resin
would allow void measurement by ex situ methods to compare with the in situ measurement.
This study focuses on validation of the just-mentioned assumption, that the bubble population on
the surface is similar to the population through the thickness of the laminate.
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Figure 2-5: Example images of void images with carbon reinforcements:
(from left to right) biaxial non-crimped fabric, satin weave, spread-tow
weave with binder beads on surface - arrows mark example void locations.

Infusions using the same methodology used previously with oil (Zobell 2017, Burton
2018) have been repeated, but this time with a curing epoxy, allowing the laminate to be
removed after infusion for void measurement by more traditional methods which account for
bubbles away from the tooling surface, namely ultrasound C-scan inspection across the laminate
surface, and optical microscopy of through-thickness cross-sections.
As these types of analysis are ex situ, they are compared to an in situ (while still in the
infusion tool) photograph taken of the laminate, after cure and just before opening the tool.
Accordingly, the bubble population should remain constant over the time interval covering all
the testing. Thus while the fluorescent void measurement methodology presented here is meant
for in situ analysis during infusion, this particular study focuses on comparing void
measurements at the end of infusion, to try to validate the applicability of the in situ surface
photography method. Such validation will allow more confidence in using such in situ
characterization methods for future RI process optimization, helping a manufacturer reduce the
costs on high-performance composite structures.
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3

METHODOLOGY

Composite test samples were made by infusion of carbon reinforcements with an epoxy
containing fluorescent dye. These experiments are similar to those performed in previous work
(Zobell 2017, Burton 2018) with the main exception being substitution of an epoxy resin for the
oil test fluid. The following section provides detail on the procedure.
For these experiments, composite test samples were to be constructed of epoxy
containing fluorescent dye. Sample laminates were made approximately 300 mm long by 50mm
wide and 2.6mm thick (4-plies of material thick). The fluorescent dye was mixed into the epoxy
resin to be used during in situ photography. The flow of resin was sequentially photographed at
various time intervals during vacuum infusion under ultraviolet light. The same infusion tooling
used in situ photography performed previously by students at Brigham Young University.
After ultrasonic testing, 20 mm x 10 mm coupons were cut from the laminates to be used
in microscopy and any mechanical testing. The finalized void location and content were analyzed
in the coupons by polishing the through-thickness cross-sections and then inspection with optical
microscopy. This was used as the control method, representing the industry standard for local
void measurement. Results from in situ void tracking and ultrasonic testing was compared
against the microscopy measurements.
After ultrasonic testing and in situ photography have been compared with microscopy
results, the results will be analyzed to see if the local void content as measured through-thickness
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by 2-dimensional microscopy can be predicted from in situ observation of void formation at the
surface, and/or from through-thickness attenuation from ultrasonic testing.

3.1

RTM Mold Fixture
A 50 mm wide silicone gasket was laser-cut from 1/8" 70A clear silicone sheeting. The

gasket forms a seal creating a pressure cavity and helps retain the position of the fabric.

Figure 3-1: Gasket Dimension Drawing Used in Experimental Fixture

A steel plate 12.7 mm thick was used as the base plate. Metal gauge spacers were used to
secure the thickness at 2.6 mm between the steel base plate and a 4.76 mm piece of tempered
glass to create the mold cavity. A 76.2 mm thick acrylic top plate was placed on top of the glass
which was then compressed to the steel plate with six Grade-8 hex bolts with flange nuts with
applied torque of 13.5 Nm. Two large C-channels were used as a gasket between the bolt heads
and the top of the acrylic plate, to which the black lights were also rigidly mounted. It should be
noted that this mold fixture is identical to that used by Mr. Burton with the addition of the glass
top plate which was added to ensure a smooth top surface to which mold release can be applied.
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Figure 3-2: Technical drawing of steel base plate used
in mold tooling reproduced from Mr. Zobell (2017).

Figure 3-3: Mold Assembly Exploded View
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The mold cavity height was determined using a calculation for the desired volume
fraction of 0.55. This was done using equation (3-1) below.

𝒗𝒇 =

𝒏𝑨𝑾

(3-1)

𝝆𝒕

𝑣𝑓 = Volume Fraction

𝜌 = Fiber Density (kg/m3)

AW = Areal Weight of Fabric (kg/m2)
t = Thickness (mm)
n = Number of Plies
This equation can be used to solve for the thickness (or height of the mold cavity) with

the following values:
𝜌 = 1770 kg/m3

AW = 0.628 kg/m2

n = 4 plies
𝑣𝑓 = 0.55

All of these values result in a calculated thickness “t” = 2.6 mm.

3.2

Reinforcement
VectorPly CBX-1800-5 (623 g/m2 45% fiber content by weight, 45°/-45° double bias)

non-crimp carbon fiber fabric was used as the sample reinforcement. The fabric was cut with the
long direction oriented according to either the warp (i.e. the machine direction) or weft direction
of the fabric roll. It should be noted that this fabric's warp and weft is oriented according to the
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cross-stitching and the carbon reinforcement fibers are set at bias (45°) with respect to the warp
direction of the fabric.
Sample laminates were made approximately 300 mm long by 50 mm wide and 2.6 mm
thick or 4-plies of material to nest inside the RTM mold fixture. The only variable during
experimentation was the orientation of the flow direction during infusion with respect to the
machine direction of the reinforcement. The test matrix with two repetitions for each case is
shown in Table 3-1.

Table 3-1: Test Matrix
Test Designation
A
B
C
D
1
2
3
4

3.3

Test Nature
Pre-Test
Pre-Test
Failed Test Run
Failed Test Run
Successful Test
Successful Test
Successful Test
Successful Test

Test Date
31-Aug
9-Sep
30-Oct
31-Oct
13-Nov
28-Nov
5-Dec
12-Dec

Fiber Orientation
Weft
Weft
Warp
Warp
Weft
Weft
Warp
Warp

Resin
The epoxy resin utilized in this experimentation was Rhino 1411, a typical infusion-

viscosity epoxy system with corresponding 4111 slow reaction hardener (see Rhino Linings
Technical Data Sheet). For the first two tests performed, 2% by-sample-mass of Dye-Lite TP3400-0601, an oil-based leak detection tracer dye used by Zobell and Burton at Brigham Young
University was added to the epoxy mixture. This amount was later reduced to 1% by mass to
facilitate easier clean-up while maintaining visibility characteristics.
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Once the epoxy-dye was thoroughly mixed into the resin to apparent homogeneity, the
resin was degassed in a vacuum chamber approached to -25 inHg (gauge measurement). This
effectively removes much of the air introduced into the resin during the mixing process. Once
this pressure was reached, the vacuum pump was shut off and the chamber retained this pressure
for 10 minutes. Pressure was then slowly reintroduced into the chamber until matching
atmospheric pressure.
Although the same procedure for degassing was used between tests it was visually
apparent that the post-degassing void content varied significantly between batches of resin. Two
early infusion tests were greatly influenced by failure to degas to the extent that the tests were
excluded from this study. It was later determined that "whipping" while mixing the resin prior to
degas would introduce so much air into the mixture that degassing could not satisfactorily pull
all the air from the resin. For the subsequent tests, resin was mixed in such a way as to avoid this
whipping. Specifically, this entailed stirring the resin circumferentially around the perimeter of
the container with the mixing rod completely vertical and avoiding the "folding" in of air into the
mixture. The resulting samples were more consistent in void content, and had lower void
content after degassing.

3.3.1

Viscosity Concerns
By nature of the facility, the laboratory ambient temperature was susceptible to the local

climate, which caused fluctuations in the viscosity of the resin. These swings in temperature
greatly affected the viscosity of the resin between the first and last tests which were performed
over a time span from August 2018 to December 2018, during which the average daily ambient
temperature decreased by approximately 4° C. Although the viscosity was only measured for the
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resin of the final test (Table 3, in December), the manufacturer’s technical data sheet lists a mix
viscosity of 250 to 300 mPa·s at a temperature corresponding to the summer laboratory
temperature for the study. Comparison of this number to those in Table 3-2 suggests that the
viscosity was 25% lower during the summer compared with winter. This was also apparent as the
infusion fill times and infusion speeds for the later tests increased as ambient temperature
decreased and the viscosity correspondingly increased.

Table 3-2: Viscosity Measurements (Dec 12, 2018)
RPM
12
20
30
50
60
Temp (F)

Control Sample
370
370
372
386.3
376
69.6

Control 2
Measurement
357
360
360
366
69.6

Sample w/ Dye
322
324
322
320.9
321.9
70.3

Viscosity measurements were taken using a Brookfield DV-E viscometer with a number62 insert. Measurements were made for three different mixed samples of the epoxy-hardener
solution, one of which had 1% by mass of the fluorescent dye added to the solution. As shown in
Table 3-2, these measurements were made at room temperature (mimicking the earlier infusion
trials), and at several rotation rates to test for non-Newtonian behavior.
Results showed fairly Newtonian behavior, suggesting that the resin viscosity does not
depend on the flow rate in the later infusion experiments. The epoxy was roughly six times as
viscous as the oil, and that ratio decreases slightly as the thinner fluorescent dye is added to the
epoxy solution. In a study by Lundstrom and Gebart (1994) infusions were made at different
temperatures, causing a similar range of viscosities (from 65 to 770 mPa·s), and the average void
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content in the laminate was reported to decrease with increasing viscosity, but only changed
from 0.77% to 1.1%. The difference in average void content for such a range in viscosity seems
to be insignificant for the purposes of this study, in which a much higher range in local void
content was observed.

3.3.2

Mechanical and Optical Effects of Fluorescent Dye on Cured Epoxy
There arose concerns that the addition of the dye to the resin mixture would alter

mechanical properties of the cured samples; it is practice in industry to mix oil-based additives
into the resin to increase the ductility of cured parts.
Several sets of sample wafers were cast with different percentages of the fluorescent dye
to identify the resulting mechanical properties as a function of the dye percentage of mass.
Additionally, these wafers would allow testing to see which percentage of dye would be
adequate under black light to see bubbles with sufficient contrast for later image analysis. These
pre-trial experiments were done using a medium-viscosity PTM&W PT2050 epoxy with B1
hardener for a 1-hour working time.
Upon handling these samples, the samples with 5% of dye were indeed more flexible.
The Rockwell H hardness was tested on each of the samples of differing percentages of dye
added. As the hardness of materials often relates linearly to the yield strength with some
exceptions (Strong 1989), this testing was performed to ensure that mechanical properties would
be preserved on the test samples for Interlaminar Shear Strength testing performed in this
research.
A Paired-inference T-test was performed on the hardness values for the samples with 0%
and 2% by mass of fluorescent dye. According to this statistical analysis illustrated in Table 3-3,
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it was found with 95% confidence that there is not a statistically significant difference in sample
hardness caused by the addition of the dye.

Table 3-3: Paired T-Test Calculations for Wafer Sample Batches
0%
70.8
62.7
56.5
45
67.4

2%
56.8
54.2
52.9
52.3
47.2

Diff
14
8.5
3.6
-7.3
20.2

Stdev
10.46829

Avg
7.8

T Value

1.666111

0%
99.5
98.4
89.4
98.1
100.5

Batch B Paired TTest
2%
96.3
100.6
97.5
100.1
96

Diff
3.2
-2.2
-8.1
-2
4.5

Stdev
5.017669

Avg
0.92

T Value

0.409988

0%
84.3
81
80
76.7

Batch C Two-Tail
Test
2%
68.9
82.1
80.7
79.2

Diff
15.4
-1.1
-0.7
-2.5

Stdev
8.451972

Avg
2.775

T Value

0.656651

0%
84.3
81
80
76.7

Batch C Two-Tail
Test
5%
59.2
60.1
58.4
58.9

Diff
25.1
20.9
21.6
17.8

Stdev
2.996109

Avg
21.35

Significant?
NO

Significant?
NO

Significant?
NO

Significant?
NO
T Value

14.25182

Thus, while very high dye percentages (e.g. 5%) seem to cause a change in the ductility
of cured epoxy, 2% seems to have an insignificant effect. Additionally, 2% and even 1% of dye
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showed adequate bubble contrast under UV light, which did not significantly increase with 5%
dye. The value of 2% by mass was thus selected for the dyed solutions of epoxy resin used in the
infusion experiments.

3.4

Camera System
The flow of resin was sequentially photographed during vacuum infusion under

ultraviolet light. Two Sony A77 DSLR cameras with 50mm Sigma macro lenses were mounted
side-by-side on a camera tripod, with each camera focused on the ends of the test sample with
overlap in the middle. The cameras were connected together to a Pixel TW-283 wireless interval
trigger which enabled them to simultaneously photograph at the same interval throughout the
duration of the infusion.

Figure 3-4: Sony DSLR Cameras Connected with One Trigger
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Figure 3-5: Camera System Mounted on Tripod Head for Top View of Sample

The cameras were set to simultaneously take one photo (each) per second for the duration
of the infusion. These large amounts of image data proved to be difficult to handle and were
considered to be redundant in some instances. As a result, later tests were conducted with each
camera simultaneously taking one photo every 30 seconds for the duration of the infusion. This
greatly simplified the image analysis process,
The images from both cameras were then merged in Adobe Photoshop for a single
higher-resolution image of the test sample. These were used in all image analysis processes.
Additionally, the sequences of these photos were imported into Adobe Premiere to create a time-
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lapse video of the infusion for each camera. This proved very helpful in identifying the
movement of voids during the infusion.

3.5

Ultrasonic Testing
After infusing and curing the test laminates, ultrasonic testing was performed over the

entire surface area of the part using an Olympus Omni-Scan MX2 device. Parts were submerged
in water as the coupling agent for attenuation measurement during C-scan testing. A 64-sensor
3.5GHz phased-array probe was mounted to an Olympus Glider X/Y gantry encoder with a
custom mount that allowed the probe offset height to be adjusted.

3.6

Optical Microscopy
After ultrasonic testing, 20 mm x 10 mm test coupons were cut from the laminates to be

used in microscopy and any mechanical testing. The finalized void location and content was
analyzed in the coupons by polishing the through-thickness cross-sections and then inspecting
with optical microscopy. This is considered the control method in this study, representing the
industry standard for local void measurement. Results from in situ void tracking and ultrasonic
testing were then compared against the microscopy measurements.
After ultrasonic testing and in situ photography were compared with microscopy results,
the results were analyzed to see if the local void content as measured through-thickness by
optical microscopy can be predicted from in situ observation of void formation at the surface of
the laminate, and/or from through-thickness attenuation from ultrasonic testing. The directions of
each image obtained from these three methods are illustrated below in Figure 3-6.
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Figure 3-6: Illustration of the visual directions of images obtained from
each of the three methods of inspection.

Three 10-mm wide sections were cut out of the test samples to be used for optical
microscopy. These sections were positioned upright within a transparent epoxy resin plug.
Because of the small diameter of the plug, the sections had to be separated into two pieces, but
the location and orientation was noted for each of these sections. This is illustrated in Figure 3-7
and Figure 3-8. Note that the plugs were labeled alphabetically according to the position in the
sample, from inlet to vent. Also note that the sub sections were distinguished left/right based on
the direction of the flow front using red/green sample stabilizing clips respectively. The resultant
microscopy images look into (or upstream) the cross-section of the sample toward the inlet (i.e.
facing the direction of the flow front).

Figure 3-7: Location legend for microscopic samples on sample from Test 1.
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These samples were then polished and observed under two microscopes (see Figure 3-8).
The first was a Zeiss inverted metallurgy microscope which utilized a 5X/0.13 objective lens and
an in-body mount fixture which enable the use of the same Sony Sigma cameras used in the in
situ photography. The second microscope was a Nikon SMZ-2Tstereoscopic microscope which
was used for lower-magnification photos with more natural lighting and coloration. A Nikon
D5500 camera was used in this application, but it was determined that these extra microscopy
photos did not add any valued knowledge to what was found in the Zeiss metallurgy microscope.

Figure 3-8: Polished Test 1 Microscopy Samples

3.7

3.7.1

Sources of Variation in Test Samples

Variation in Viscosity Due to Ambient Temperature of Test Facility
By nature of the facility, ambient temperature was uncontrolled and very susceptible to

local climate. These swings in temperature greatly affected the viscosity of the resin between the
first and last tests which were performed over a time span from August 2018 to December 2018,
during which ambient temperature greatly decreased. Although only viscosity was only
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measured for the resin of the final test, it was apparent that infusion times and performance for
the later tests increased as ambient temperature and viscosity decreased.

3.7.2

Imperfections in Degassing of Resin
Although the same procedure for degassing was used between tests (with exception of

tests A, B and C), it was visually apparent that this had varying effects between batches of resin.
Two infusion tests were greatly influenced by failure to degas to the extent that the tests were
excluded from this study. It was later determined that improper "whipping" while mixing the
resin prior to degas and testing for these two infusions would introduce so much air into the
mixture that degas could not satisfactorily pull all the air from the resin. For the following tests,
resin was mixed in such a way to avoid this whipping, and the effects were not observed in any
tests prior to the two eliminated ones.

3.7.3

Variation in Pressure Gradient
The industrial pressure pot and hose fittings responsible for driving the resin throughout

the test sample were sources of variation in the pressure gradient. This infusion system was
susceptible to leakage and thus created small fluctuations in the pressure gradient during
infusion. However, these fluctuations were minor and controlled as much as possible in each test.
An investigation of this factor is highlighted in Section 4.2.2.
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4

4.1

RESULTS

Image Analysis of In Situ Surface Photography
The in situ photographs for each of the four test samples at the point of a completely

infused sample and the sample at the point where the resin is fully cured are seen in Figure 4-1
through Figure 4-8. For each of these photos, the samples are photographed inside the infusion
mold with the transparent acrylic top without any alterations to the position of the black lighting.
Identical camera settings were set on both of the individual cameras used during the test. It is
possible that settings on the two cameras as a set slightly varied between each of the four tests,
but this was not cause for concern as it did not affect the image analysis performed to determine
the visible surface void content.
Using Adobe Photoshop, the voids in all images were highlighted as white pixels on the
photos. As will be discussed later in this work, this was necessary in order to distinguish between
visible voids and areas unaffected by voids. This was necessary as the amount of lighting and
color observable varies throughout the photos in such a way that a simple threshold adjustment
performed on images on which the color channels have been split is not sufficient to separate the
visible voids from unaffected areas on the sample. As will be discussed further later in this
section, unaffected areas on the sample may appear to be areas affected by voids, but these areas
commonly appear to be fiber-dense or where lighting varies along the sample.
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Figure 4-1: In situ photograph of the Test 1 sample at the time when the sample was infused.

Figure 4-2: In situ photograph of the Test 1 sample at the time when the sample was fully cured.
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Figure 4-3: In situ photograph of the Test 2 sample at the time when the sample was infused.

Figure 4-4: In situ photograph of the Test 2 sample at the time when the sample was fully cured.
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Figure 4-5: In situ photograph of the Test 3 sample at the time when the sample was infused.

Figure 4-6: In situ photograph of the Test 3 sample at the time when the sample was fully cured.
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Figure 4-7: In situ photograph of the Test 4 sample at the time when the sample was infused.

Figure 4-8: In situ photograph of the Test 4 sample at the time when the sample was fully cured.
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4.1.1

Post Process Analysis of Images
For each test run, the two cameras took correlating pictures of the left and right side of

the sample which could be combined for a single high resolution image of the sample. All of
these images have been gathered for the purpose of future research, but for the purposes of this
thesis, only the images at infusion completion and post-cure were of interest. The image analysis
procedure used is identical to that used by Mr. Zobell and Mr. Burton, which is illustrated in
Figure 4-9.

Figure 4-9: Flowchart of the image analysis process (reproduced from Zobell).

4.1.2

Analysis in Adobe Photoshop
The two images of interest (infusion completion and post-cure) from both left and right

cameras for each test were combined using Adobe Photoshop by cropping and matching the two
images according to matching pixels.
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Figure 4-10: Image from Left camera at completion of infusion (Test 3).

Figure 4-11: Image from Right camera at completion of infusion (Test 3).

Figure 4-12: Test 3 Image at complete infusion combined from both cameras.
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The appearance of voids within the sample, although easily recognizable against local
region, often shared the colors of other areas of the sample or gasket under black light. By nature
of the surface topography of the carbon fiber sample, there are areas along the fabric surface
where a thin layer of resin pools between the fibers and the tooling, which makes the fibers
appear yellow-green from the fluorescent dye. Other areas on the sample appear black as the
fibers in those regions are pressed against the surface and thus have no pool of resin on the
surface for the UV-light to illuminate. This difference in local reinforcement is caused by
imperfect or uneven layering or wrinkling of the fabric, where some regions have gaps between
the fabric and mold surface. The photograph seen in Figure 4-13 is an excerpt from an in situ
photograph taken during one of the tests.

2mm

Figure 4-13: Selection from infusion image demonstrating the
color similarities between color of voids and infused areas
where fibers are not flooded with resin.
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As part of image analysis, the threshold was to be adjusted in all photographs to cause
contrast between the void and the remainder of the sample. But due to the color similarity factor
as previously described in Figure 4-13, the threshold adjustments yielded unusable images as
illustrated in Figure 4-14.

Figure 4-14: Sample excerpt from Figure 4-13 with threshold
adjustment illustrating the issue of void identification addressed.

An observation of the cross-section of one of these samples can show some of the fabric
characteristics when placed in the mold cause these pools of resin on the surface and in the midst
of the sample. Figure 4-15 is a photograph taken under microscope of the cross-section from a
portion of the sample from Test 1. As can be seen, the four fabric laminates wrinkled once the
mold cavity was sealed, causing areas of fabric compaction as well as cavities for resin pooling
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on the surface. This image additionally shows how the support stitching in the fabric layers
creates cavities for resin pooling.

2.6mm

Figure 4-15: Cross-section microscopy photograph taken from a portion
of the Test 1 sample used to demonstrate the pooling of resin and voids
caused by fabric wrinkling, lamination and support stitching.

Due to these occurrences discussed above, the voids were highlighted in white
throughout the entire sample in each image to contrast from the infused fabric.

Figure 4-16: Combined image with highlighted voids at post infusion (Test 3).
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4.1.3

Analysis in ImageJ
ImageJ is an image analysis software that has been used in past studies of in situ void

analysis at BYU. The program was used to find the void content as a percentage of the total
sample from the photographs taken. The modified images from Photoshop were imported into
ImageJ where the images were split into the three color channels. The threshold control was then
adjusted in the split image with greatest contrast between the voids and the rest of the sample;
this appeared to be the blue channel image. This image with the threshold adjusted was then
made binary and ImageJ was then able to provide a numerical value for the void content. This
process is illustrated in Figure 4-17 to Figure 4-20 below.

Figure 4-17: Image of Test 1 Sample with Voids Highlighted for Contrast

Figure 4-18: Blue Channel Image of Figure 4-17 After Channels Split for Greatest Contrast
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Figure 4-19: Image of Figure 4-17 with threshold adjustment so only voids are
visible - sample image measures 300 mm x 50 mm.

Figure 4-20: Figure 4-19 made binary from threshold adjustment used to find
void content percentage in ImageJ - sample image measures 300 mm x 50 mm.

For the binary images made in ImageJ of each experimental run, the "analyze particles"
function was used to determine the void content as a percentage of total sample area. This
function observes contrasting particles in a binary image according to values of circularity and
size of the contrasting particles. These values of circularity quantify the circular shape of voids
within the image. All void shapes were considered in this image analysis ranging from quantity 0
to 1 (see Figure 4-21 reproduced from Mr. Zobell's thesis [2017]).

Figure 4-21: Chart of bubble morphology reproduced from Mr. Zobell's thesis.
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The findings from this analysis are illustrated on Table 4-1, with values for void count,
total area of voids, average void size and areal void content.

Table 4-1: Findings from Image Analysis Using ImageJ
Image JPEG
Infusion Finished Binary
Post Cure Binary

Count
227
1078

Total Area
11618
67664

Test 1 (Nov. 15)
Average Size
51.181
62.768

Void Content %
0.219
1.307

Void Content %
5.24
5.012

Image JPEG
Infusion Finished Binary
Post Cure Binary

Count
2347
1491

Total Area
282838
66767

Test 2 (Nov. 28)
Average Size
120.51
44.78

Image JPEG
Infusion Finished Binary
Post Cure Binary

Count
616
1512

Total Area
28556
24656

Test 3 (Dec. 5)
Average Size
46.357
16.307

Void Content %
0.514
1.544

Total Area
20843
125068

Test 4 (Dec. 12)
Average Size
33.946
93.754

Void Content %
0.325
2.773

Image JPEG
Infusion Finished Binary
Post Cure Binary

4.1.4

Count
614
1334

Findings from Experimentation Runs
In all aspects of this research, the fluid characteristics from the epoxy resin performed the

same as was observed in past research with dyed vegetable oil as a test fluid. There was never a
situation observed where the thermosetting resin infused and air bubbles flowed and cured in
ways unseen with non-curing test fluid as seen in past research by Brigham Young University. It
is qualitatively visible that the larger factor in flow characteristics is affected by the infusion
method, or more specifically the manner in which the fluid is infused despite whether that fluid
is curing or non-curing.
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4.1.5

Resin Movement Characteristics
In the pretest run, where the resin was not degassed prior to infusion, the movement of

voids was observed through the part at 45° angles along the axes of the reinforcement fibers and
gathering toward the far left side of the sample. This would be expected considering the small
gaps between the fibers which act as open chutes of relatively lower flow resistance.
Additionally, large concentrations of resin would gather and flow along the cross-stitching of the
material due to gaps caused by the stitching throughout the material. This would also be
expected; and is due to the increased permeability from stitching through the fabric. Both of
these phenomena are demonstrated in Figure 4-22 and Figure 4-23.

Figure 4-22: In situ photograph from Test 3 demonstrating
movement of resin along the diagonal fibers in the fabric and
pooling along the warp-direction support stitching.
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Figure 4-23: In situ photograph from Test 3 demonstrating
movement of resin along the diagonal fibers in the fabric and
pooling along the weft-direction support stitching.

Note from Figure 4-23 that although there are imperfections in the illustrations, it is
apparent that the fabric was unevenly laid within the constrained mold as evident from the
visible lines of support stitching.
An interesting occurrence was seen on the Test 4 sample when there were void
movements in opposition to the flow direction. From Figure 4-24, we see the void movement
flows within the channel between bias fibers in the fabric and in opposition to the fluid front. It is
expected that this opposing flow resulted from an unsaturated area behind the foremost fluid
flow front. In other words, a region on the laminate which is visible in the photographs shown in
Figure 4-24 was at a lower pressure than a bulging area in the fluid front. Air bubbles in the resin
move toward this low-pressure region in accordance with Bernoulli's Law; this movement as
seen in this figure could be bolstered by the diagonal orientation of the fabric fibers.
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Figure 4-24: Series of photographs illustrating the phenomena of void movement in the opposite direction
of the pressure gradient.
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4.1.6

Mold Seal Qualification
One notable observation from Test 2 was made upon reviewing in situ photos taken

during the infusion. There was an immediate introduction of air content into the cavity resulting
in void formation and movement along the surface of the sample, suggesting possible leakage in
the mold. The progression of these voids is shown in the sequence of images in Figure 4-25 with
detailed images in Figure 4-26 and Figure 4-27.

Figure 4-25: Sequence of in situ photographs displaying the progress of
void formation during infusion Test 2.
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6mm

Figure 4-26: Highlighted areas of voids from Test 2, as seen in Figure 4-25.

Figure 4-27: Sequence of photographs magnifying a particular void
observable from the photographs seen in Figure 4-25 and Figure 4-26.
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A leak-down test was conducted in the assembled mold to determine its ability to
maintain an applied pressure. This was accomplished by assembling the mold without any
reinforcement in place, keeping the outlet line clamped shut and placing a barometer on the inlet
line. The mold was pressurized to the same 1.5 bar used in all experimentation runs, and the inlet
hose was then clamped shut upstream of the barometer. The data was recorded to a Vernier
LabQuest data collection device and imported into Excel, as seen below in Figure 4-28.

Figure 4-28: Measured pressure in mold during leak-down test.

The quick decline in pressure within the mold was an unexpected result. It can be stated
that the pressure gradient within the mold quickly goes to atmospheric pressure once infusion is
complete and inlet and outlet are shut. From a composites-quality standpoint, such vacuum
leakage is conducive to the growth of voids during the cure cycle. As air is introduced through
the seal, the absolute pressure drops, the volume of the internal voids grows. This observation is
supported by the Ideal Gas Law as seen in the following equation.
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(4-1)

𝑷𝑽 = 𝒏𝑹𝑻

P = Pressure
V = Volume
n = Mole Fraction of the Gas
R = Ideal Gas Constant
T = Temperature
Observing the metal base plate during this first test revealed that the base plate could
have a small amount of bending deformation as a result of the torque from the six bolts, which
could create an imperfect seal on the two ends of the sample. The same results were obtained
when the experiment was repeated with the bolts fastened just tight enough to create a seal.

4.1.7

Validation of In Situ Experimentation with Epoxy Resin
As previously explained, the dye-infused epoxy was used in all experiments to validate

experimentation performed at Brigham Young University in which canola oil with fluorescent
dye was infused. This oil was chosen as a substitute test fluid to curing thermoset due to similar
viscosity and chemical functionality to typical epoxies. Data from each of these studies, i.e.
infusions of test samples using epoxy resin with fluorescent dye as well as non-curing vegetable
oil infused in the same method by Mr. Burton (2018) was used to calculate the modified
capillary number, which was calculated using equation (4-2).

𝑪𝒂∗ =

𝒗𝝁

(4-2)

𝜸 𝒄𝒐𝒔 (𝜽)

Ca* = Modified Capillary Number
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v = Flow Velocity
γ = Fluid Surface Tension
θ = Contact Angle of the Fluid
μ = Fluid Viscosity
The instantaneous velocity of the flow front, fluid viscosity, surface tension of the fluid,
and dynamic contact angle of the fluid are represented by v, μ, γ and θ, respectively. The
modified contact angle is a function of velocity, so that the Ca* threshold for zero void
formation is similar to a velocity threshold for zero void formation.
As the capillary number of a fluid, and indeed this modified capillary number seen in
equation (4-3) represents the relative effect of drag as a result of viscosity compared to surface
tension, this modified capillary number is commonly used in industry instead of the velocity in
void formation studies, as it is a dimensionless number. It is thought to account for any
differences from surface chemistry that would affect such bubble formation.
For all cases, the void formation was measured as the void content within a 20 mm region
behind the flow front at various positions of the flow front during the infusion. In the figure, the
“Q” labels in the legend for the oil-based tests represent the flow rate in cm3/min, used in
constant flow rate testing. The figure shows logarithmic fits of each infusion’s graph, and the
figure is repeated with a log scale of the modified capillary number.
Using the epoxy-based in situ photography results obtained from this study as well as oilbased data published by Mr. Burton (2018), the void formation model is plotted in Figure 4-29 as
the void content by the flow front, as a function of the modified capillary number.
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Figure 4-29: Void formation as a function of the modified capillary number (Ca*)
for oil-based infusions (Burton 2018) and from epoxy-based infusions, using the
same reinforcement. Graph repeated on right with log scale for x-axis.

A larger rendition of Figure 4-29 is included in Appendix C. Mr. Burton’s analysis only
utilized one test in the warp direction, where the other two tests were oriented in the weft
direction, which will affect these results due to the slight effect on bubble formation as an extra
test in the weft direction is represented for the canola oil infusion, compared to one infusion in
each direction for the epoxy. The supportive cross-stitching aligned in the flow direction (warp)
or perpendicular to it (weft) causes obstruction of fluid flow.
One can see fairly similar void formation for the epoxy infusion in Test 1 of this work
compared to the oil-based tests performed by Mr. Burton, with a minimum Ca* of approximately
0.005 required to minimize void formation. The epoxy infusion in Test 4 seems to have exhibited
significantly lower void formation rates, and a lower minimum Ca* of approximately 0.001 for
minimal void formation. The cause for the difference in the test 4 results is unknown but may
suggest lower void formation rates with epoxy compared to the oil, in some way that is not
accounted for in the calculation of Ca*.
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4.2

4.2.1

Ultrasonic Imaging of Samples

Ultrasonic C-Scans
Using the Olympus Omni Scan MX2 ultrasonic flaw detector, scans were taken of the four

test samples and of one of the pretest samples. Note that all C-scan images taken here are to
cover the entire 300 mm by 50 mm test samples.

Figure 4-30: C-Scan of Pre-Test B (300 mm x 50 mm)

Figure 4-31: C-Scan of Test 1 Sample (Measuring 300 mm x 50 mm)

Figure 4-32: C-Scan of Test 2 Sample (Measuring 300 mm x 50 mm)

58

Figure 4-33: C-Scan of Test 3 Sample (Measuring 300 mm x 50 mm)

Figure 4-34: C-Scan of Test 4 Sample (Measuring 300 mm x 50 mm)

These C-scan images cover the entire sample of 300mm x 50mm as a top-down view of
the sample with the inlet end of the sample oriented at the left-hand side of the image,
comparable to the orientation of the in situ photographs. As displayed on the color scale to the
right of each image scan, ultrasonic attenuation is used to measure local void content throughout
these samples. Calibration and ultrasonic settings were generously provided by inspection
technicians of ACT Aerospace at Ephraim, Utah.
As observable from Figure 4-32, the C-scan of the Test 2 sample does not depict a large
amount of attenuation as would be expected considering the appearance of high surface void
content as seen in both Figure 4-3 and Figure 4-4. It would be expected that a large amount of
attenuation would be observed in the C-scan. This discrepancy could possibly be the result of the
cavities of surface voids being filled with water, affecting the attenuation. Alternatively,
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improper settings of the Omni-Scan MX2 device used in this research would also be a possibility
for erroneous imaging.

4.2.2

Probe Height Adjustment
Based on ultrasonic settings obtained from ACT Aerospace, the offset height between the

Omni-Scan probe and the top surface of the test sample was of critical importance to the quality
of the scan. It was also very important that the probe be parallel to the top surface of the sample.
Even minimal discrepancies (by less than 1mm or 1°) in the probe height and angle render scans
unusable.
A custom mount was 3D printed to allow the probe to be adjusted vertically and
angularly on the Glider encoder with respect to the test sample as seen in Figure 4-35. The
position of the probe could then be adjusted relative to the part according to the best scan
observable on the Omni-Scan module screen.

Figure 4-35: CAD Drawing of 3D Printed Scope Mount
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4.2.3

Correlation of At-Surface In Situ Results to Ultrasonic Imaging
In addition to the numerical image analysis that was performed, the C-scans were

compared to the post-cure photographs of the test samples. It was clear that attenuation from the
C-scans accounted for the majority of visible void content on the sample surface. This
comparison is highlighted in Figure 4-36, Figure 4-37 and Figure 4-38.

Figure 4-36: Comparison of C-scan and in situ photograph of post-cured Test 4 sample.

Figure 4-37: Magnified section from Figure 4-36 of Test 4 sample.
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Figure 4-38: Figure 4-37 with corresponding areas of
high ultrasonic attenuation and surface voids marked
from Test 4 sample.

In Figure 4-38, there are areas of attenuation on the C-scans that can be visually correlated
to the void content apparent in the microscopy of the sample cross-section. However, the
ultrasonic methods used in this study utilized C-scans which are incapable of determining the
depth location of these voids. Using A-type scans at appropriate levels of resolution in
conjunction with C-scans would facilitate this function, but only provides instantaneous data
unlike C-scans which record data as a regional scan.
As is the case with the cross-sectional microscopy of the test samples, it must be noted
here that the quality, accuracy and resolution of these ultrasonic scans could be drastically
improved by technicians and equipment with more expert calibration and tuning. As will be
discussed in Section 4.5.3, the results obtained in these ultrasonic scans do not reveal satisfactory
correlations to the results of the surface void content measured from the in situ photographs of
the tests in this experiment.

62

4.3

Cross-Sectional Microscopy
As explained in 3.6, the Test 1 sample was cross-sectioned into three 10 mm wide

specimens to observe the inner laminar void content. This was done as a calibration verification
of the ultrasonic scanning. A series of photographs was taken in a raster-scan pattern for each of
the polished cross-section samples, and these images were combined in Adobe Photoshop. As
was also detailed in 3.6, all microscopy cross-section images were observed upstream towards
the resin inlet within the sample.
As seen in Figure 4-39, sections "A, B and C" were taken from Test sample and split into
sections. Left and right sectioned pieces were color-coded "red" and "green" respectively. The
two figures were combined together in Photoshop to create a complete image of the crosssectioned portion of the Test 1 sample which is illustrated in the Figure 4-42. Results for an
initial image analysis are included in this section; a more detailed image analysis and comparison
are included in Section 4.4.

Figure 4-39: Labeled cross-sections of Test 1 sample seen in Figure 5-7 (each
sample image measures 300 mm x 50 mm).
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2.6mm

Figure 4-40: "A Red" Cross-Sectional Microscopy from Test 4 Sample

2.6mm

Figure 4-41: "A Green" Cross-Sectional Microscopy from Test 4 Sample

10mm
Figure 4-42: Combined Microscopic Images of “A" Specimen from Test 4 Sample

The quality of polishing of the microscopy samples is acknowledged as being poor,
however the images were adequate for identification and measurement of voids within the crosssection of the laminates, therefore no corrections were made on these polished samples.
As was done in the image analysis for the in situ photographs, the color channels were
split, and the threshold levels in the "red" channels of each image were adjusted to highlight the
visible voids in the image in Figure 4-43. This photograph was then made binary with the same
"analyze particles" function used in the in situ image analysis, as seen in Figure 4-44. This same
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procedure was then conducted for the "B" and "C" section of the sample as seen in Figure 4-45
through Figure 4-54.

Figure 4-43: Image from Figure 4-42 with Threshold Adjustment Performed Sample Sized 10 mm x 2.6 mm

Figure 4-44: Image from Figure 4-43 Made Binary - Sample Sized 10 mm x 2.6 mm

2.6mm
Figure 4-45: Left (Red) Subsection Image of Section "B"

2.6mm

Figure 4-46: Right (Green) Subsection Image of Section "B"

10mm
Figure 4-47: Combined Image of Section "B"
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Figure 4-48: Combined "B" Image with Threshold Adjustment Performed - Sample
Sized 10 mm x 2.6 mm

Figure 4-49: Combined "B" Image Made Binary - Sample Sized 10 mm x 2.6 mm

2.6mm

Figure 4-50: Right (Green) Subsection Image of Section "C"

2.6mm

Figure 4-51: Left (Red) Subsection Image of Section "C"

10mm
Figure 4-52: Combined Microscopy Image of Section "C"
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Figure 4-53: Combined "C" Image with Threshold Adjustment Performed - Sample
Sized 10 mm x 2.6 mm

Figure 4-54: Combined "C" Image Made Binary - Sample Sized 10 mm x 2.6 mm

4.3.1

Comparison of In Situ Surface Photographs to Cross-Sectional Microscopy
More relevant than the comparison between the results of in situ void tracking to the

results of ultrasound is the comparison to the actual cross-sectional microscopy. As mentioned
earlier, a correlation between what is seen on the surface of the infusion to that seen throughthickness of the laminate is investigated in this comparison. The porosity for the two images
(binary cross-section and in situ top surface) for each of the three microscopy sections were
obtained using the "analyze particles" function used in the image analysis; these results are
illustrated for the Test 1 sample in Table 4-2.

Table 4-2: Porosity Results of Cross-Section to In Situ Photographs - Test 1
Image Name
Cross-Section A
In Situ A
Cross-Section B
In Situ B
Cross-Section C
In Situ C

Count
429
6
2735
19
22957
26
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Average Size
140.5
349.2
46.4
61.6
32.0
24.8

% Area
0.83
1.13
1.19
0.55
3.04
0.254

It is acknowledged that the sectional difference between the images is different between
the microscopic cross-sections, which observe the cross-section of the sample (2.6 mm height by
50 mm width) whereas the in situ photographs observe the total sectioned surface area (10 mm
thickness by 50 mm width). Likewise, there is a difference in resolution between these two
methods in the images of voids they are able to capture.
The most probable cause is that the majority of compaction on composite laminates
occurs through the depth (i.e. thickness or Z direction) of the laminate. As air bubbles infuse into
the sample and cure to become voids, they are also compacted in this direction and are freer to
expand along the X-Y direction (i.e. length and width) of the laminate. Additionally, throughthickness permeability is commonly an order of magnitude lower than the X-Y permeability of a
laminate.

4.4

Correlations of Imaging Methods
In light of the results published in the previous three chapters, statistical correlations were

investigated between these three methods of void inspection as a method of validation for using
non-curing fluid (specifically canola oil) as a test fluid to facilitate easier cleanup than can be
achieved using a thermosetting epoxy resin.

4.4.1

Observing Correlations on the Complete Test 1 Sample
Using the microscopy photographs for the sections "A, B and C" from the Test 1 infusion

sample, as well as correlating ultrasonic images and in situ photographs from these same regions
as seen in the previous chapters, the image analysis procedure was repeated looking for void
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content as a percentage of area. The results yield a quasi-linear relationship with a large amount
of variation and are illustrated in Figure 4-55 and Figure 4-56.
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Figure 4-55: Linear correlation found between void contents from
surface (in situ) and microscopy (through thickness) to ultrasonic
attenuation for the entire Test 1 strip.
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Figure 4-56: Correlation between surface (in situ) void content and
microscopy (through thickness) void content for the entire Test 1 strip.
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As only three data points were recorded for the comparisons of the entire strip and only
one test specimen was sampled from, there is a low level of confidence in whatever correlations
can be seen here. It would be beneficial to expand upon this analysis using additional samples to
determine if an improved correlation exists between results of these three test methods.

4.4.2

Observing Correlations on Sectioned Strips of the Test 1 Sample
An attempt was made to generate more data by observing localized areas in each

photograph. Following the analysis of the entire Test 1 laminate, the microscopy photographs of
the sectioned strips were then separated into pieces which were then analyzed for void content as
a way to observe local void content. Sections "A and C" were separated into 5 images with
section "B" only separated into 3 images. These sections are illustrated in Figure 4-57. Note that
for each image in this figure, the resin flow direction is oriented down (for ultrasound and in situ
images). Resin flow direction is oriented out of (for microscopy) the figure.

Figure 4-57: Sectioned images for the Test 1 samples (Note: red
divider lines are not to exact scale but are to represent the
divisions into equally sized images).
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For each of the inspection methods, the 26 images (5 for each “A and C" images and
three for section "B") were analyzed with the same methods used previously. The results of this
comparison for the three sections "A, B and C" as well as the results from the comparison of the
overall strip (plotted in yellow) are shown in Figure 4-58, Figure 4-59 and Figure 4-63.
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Figure 4-58: Correlation between microscopy and in situ surface void content on Test 1.
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Figure 4-59: Correlation between microscopy and ultrasonic attenuation on Test 1.
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Figure 4-60: Correlation between in situ surface void content
and ultrasonic attenuation results from Test 1.

Unfortunately, no trends were identified between the methods, possibly due to the much
smaller number of visible voids in each of the segmented images and the fairly small number of
samples available for this analysis.

4.4.3

Comparisons of Surface Void Content to Ultrasonic Attenuations
Following these analyses, the surface void content visible from the in situ photographs

was then compared to the results for the ultrasonic C-scans of the samples. The post-cure images
for each test specimen were split and cropped into 20 separate (15 mm long) images, with the Cscan images likewise separated. The comparison between the observable surface void content
and the average attenuation of each corresponding C-scan image are shown in the Figure 4-61
The values in this table were plotted as an average between three adjacent images to smooth out
the plot profiles as the number of observable voids is low in each strip.
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Figure 4-61: Surface void content compared to average ultrasonic
attenuation for twenty separated images from each test specimen.

As is observed in Figure 4-61, only the results from Test 4 yielded a profile where each
measurement method simultaneously showed an increase. This is supported by the morequalitative comparison of the location of the highest attenuation regions with the corresponding
location in the surface photograph, where high void content can also be seen (Figure 4-38).
Results from Test 1 and Test 3 have relatively flat profiles showing high surface attenuation with
minor change in surface void content, showing higher interlaminate void continent than surface
void content. One possible scenario to explain this difference is a moderate amount of throughthickness voids, but little on the surface. Test 2 results show the opposite trend than is expected
with a higher amount of surface void content than ultrasonic attenuation depicts through the
laminate (see Figure 4-61). This may be due to insufficient or improper settings or performance
of the ultrasonic C-scan conducted on the sample. A more plausible explanation is that the void
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content is low through the thickness, but that a high degree of voids exists at the very surface, as
pitting on the cured sample. It is possible that these surface voids (i.e. pitting) are not picked up
by ultrasound as the water coupling agent fills these voids flush to the surface of the laminate.

Figure 4-62: Comparison of surface void content (top) to ultrasonic attenuation
(bottom) for the Test 2 sample.

The pits on the surface of Test 2 were probably caused by inadequate pressure seal on the
silicone gasket, allowing air to incorporate on the surface before the resin cured. Each of these
observations, indeed the entire analyses performed herein, would be verified with throughthickness laminate observation as was done with Test 4 to the other three laminates. This
research would be a valuable addition upon this work and would provide value despite its timeconsuming nature.
Using these same procedures for measurement and analysis, the correlation between
ultrasonic attenuation and surface void content was measured for both the Test 1 and Test 4
laminates. This analysis is illustrated in Figure 4-63 below. Note that samples A, B and C labeled
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here are located and scaled the same as those used on the analyses performed on the Test 1
laminate.
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Figure 4-63: Correlation between in situ void content and
ultrasonic attenuation for the Test 1 (upper) and Test 4
(lower) sample.

As noted, it is difficult to discern viable trends due to the small number of data points.
However, we do observe a visible, linear trend for the ultrasonic attenuation and surface void
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content for Test 4 when the three samples are separated over the entire sample as opposed to
comparing five samples taken at a specified location.

4.5

4.5.1

Correlations from Interlaminar Shear Strength

ILSS Testing Standard
In attempt to correlate void content according to ultrasonic attenuation with that

measured from surface photographs, the Interlaminar Shear Strength (ILSS) was measured and
calculated according to DIN EN 2563 standard. Small coupons were cut from the Test 2 and Test
4 specimens using an abrasive wheel specifically designed for trimming composite specimens.
These coupons measure 10 mm x 20 mm according to the specifications. The coupon locations
for this testing from Test 2 and Test 4 specimens are revealed in the diagram illustrated in below.
Note that these coupons are located in this diagram from the bottom-left corner of each sample.

Figure 4-64: Diagram of Locations for ILSS Test Samples
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We must note that there is a deviation between the tests performed in this research with that
of what is called for from the standard. The test standard calls for the samples of unidirectional
carbon fiber reinforced plastics which are to be cut perpendicular to the fiber direction. Recall
that samples used in this research are made from biased non-crimp fabric in which the fibers are
oriented ±45° to the fabric’s machine direction, being cut lengthwise or widthwise to the
machine direction. The error resulting from this deviation is therefore accepted as the primary
goal of this test is to observe correlations between ultrasonic attenuation and surface void
content.
An Instrom tensile tester with a resolution of 2 lbs was utilized with a fixture which was
made in accordance with this standard; this fixture is illustrated in Figure 4-65.

Figure 4-65: Illustration of ILSS Test Fixture According to DIN EN 2563
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Using this fixture and procedures in accordance with this standard, the force to yielding
failure was measured which was then used to calculate ILSS. A plot of these measured forces is
illustrated in Figure 4-66. Note that the sampling rate of these tests was not constant between
samples, but this does not affect the resulting measured force at first yielding. Despite this
variation, there was a visible point of yield for each sample after which the sample began to
bottom-out on the fixture.
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Figure 4-66: Plot of Applied Compression Force (lb) to Compression Samples

The force applied which caused plastic deformation for these samples were then used to
calculate the ILSS according to the procedures of DIN EN 2563. According to this standard, the
ILSS is calculated with the equation below:

𝝉=

𝟑𝑷

(4-4)

𝟒𝒃𝒉

τ = Calculated Interlaminar Shear Strength (MPa)
P = Applied Load at Yield (N)
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b = Sample Width (millimeters)
h = Sample Thickness (millimeters)

4.5.2

ILSS Testing Results and Calculations
The results of these ILSS test are displayed below, and included in Appendix B.

Table 4-3: ILSS Testing Results
Sample
Test 2-A
Test 2-B
Test 2-C
Test 2-D
Test 2-E
Test 2-F
Test 4-A
Test 4-B
Test 4-C
Test 4-D
Test 4-E
Test 4-F

Yield Force (lb)
-423.2
-315.6
-446.1
-390.2
-413.1
-373.2
-429.0
-417.3
-491.3
-367.3
-457.9
-430.4

ILSS
Yield Force (N)
-1882.5
-1403.8
-1984.2
-1735.5
-1837.5
-1660.2
-1908.0
-1856.2
-2185.1
-1633.7
-2036.6
-1914.4

ILSS (MPa)
54.3
40.5
57.2
50.1
53.0
47.9
55.0
53.5
63.0
47.1
58.7
55.2

Table 4-4: ILSS Samples Surface Photography Analysis
Sample
Test 2-A
Test 2-B
Test 2-C
Test 2-D
Test 2-E
Test 2-F
Test 4-A
Test 4-B
Test 4-C
Test 4-D
Test 4-E
Test 4-F

Count
24.0
18.0
20.0
28.0
15.0
12.0
12.0
18.0
20.0
10.0
18.0
44.0

Surface Photography ImageJ
Total Area
Avg Size
2374.0
98.9
380.0
21.1
710.0
35.5
1279.0
45.7
344.0
22.9
922.0
76.8
932.0
77.7
1186.0
65.9
4110.0
205.5
424.0
42.4
454.0
25.2
1479.0
33.6
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% Area
14.0
2.2
4.9
8.3
2.4
6.3
1.7
2.1
7.4
0.8
0.8
2.7

Table 4-5: ILSS Samples Ultrasonic Attenuation Analysis
UT SCAN in ImageJ

sample

average

standard
deviation

attenuation

blue valuehigh

blue
value-low

dev% high

dev % low

Test 2-A

159.6

58.0

22.8

217.6

101.6

15.7

-24.2

Test 2-B

232.8

19.0

12.0

251.8

213.8

9.7

4.4

Test 2-C

235.4

16.0

11.6

251.4

219.4

9.2

4.7

Test 2-D

227.2

23.0

13.0

250.2

204.2

10.4

4.0

Test 2-E

231.0

22.0

12.3

253.0

209.0

10.2

4.0

Test 2-F

221.8

37.0

13.9

258.8

184.8

12.5

2.1

Test 4-A

117.2

62.0

31.3

179.2

55.2

18.8

1.4

Test 4-B

194.9

36.0

18.4

230.9

158.9

13.1

3.0

Test 4-C

233.6

16.0

11.9

249.6

217.6

9.2

4.8

Test 4-D

174.8

39.0

21.7

213.8

135.8

14.0

3.1

Test 4-E

206.6

37.0

23.1

243.6

169.6

19.6

9.3

Test 4-F

230.5

22.0

12.3

252.5

208.5

10.0

3.9

A summary of the major interests of the analyses from these three test methods are
displayed below in Table 4-6.

Table 4-6: ILSS Research Summary
Sample
Test 2-A
Test 2-B
Test 2-C
Test 2-D
Test 2-E
Test 2-F
Test 4-A
Test 4-B
Test 4-C
Test 4-D
Test 4-E
Test 4-F

ILSS (MPa)
54.3
40.5
57.2
50.1
53.0
47.9
55.0
53.5
63.0
47.1
58.7
55.2

Surface Void %
14.0
2.2
4.9
8.3
2.4
6.3
1.7
2.1
7.4
0.8
0.8
2.7
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UT Attenuation %
22.8
12.0
11.6
13.0
12.3
13.9
31.3
18.4
11.9
21.7
23.1
12.3

From these results, the correlation between ILSS and ultrasonic attenuation measured on
the samples is displayed below in Figure 4-67. The correlation between ILSS and surface void
content as measured from in situ photographs is displayed in Figure 4-68.
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Figure 4-67: Correlation of Ultrasonic Attenuation (%) to ILSS
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Figure 4-68: Correlation of Surface Void Content (%) to ILSS
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Observing the data gathered from these tests, we see a contradiction of what should be
expected. As can be seen from Figure 4-67 and Figure 4-68, these results depict that ultrasonic
attenuation and surface void content both increase with ILSS; these results are inaccurate. It has
been proven throughout industry that an increase in void content will cause a decrease in all
mechanical properties including ILSS.
In light of this observation, we see that there is a large amount of variation in these results.
This variation could be partly due to errors arising in the conduction of these ILSS tests such as
differing sizes of the trimmed test coupons. It could also be contributed to errors in the infusion
and creation of the test samples or in insufficient tuning and adjustment of the ultrasonic
equipment. These possibilities set aside, the wide deviation in these tests could be caused simply
by limitations of the test methods in question.
Although it is concluded through literature and the research in this work that the surface void
content is a relation to the localized void content throughout a composite laminate, uncertainty
exists depending on the specimen. Id est, the surface void content observed on one sample (due
to imperfections in manufacture such as mold design) may not be a reflection on the internal void
content of that particular specimen, and thus on the ILSS of that specimen. Despite these
variations, studies show the expected results that an increase in surface void content and
ultrasonic attenuation will likewise cause a decrease in ILSS of the sample.
Considering the results from Figure 4-67 and Figure 4-68 and the effects on the trend lines
caused by several outlying data points, investigation was taken to remove some of these data
points to see if these results can be compensated to better fit in accordance with the true
mechanical effects of voids.
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Figure 4-69: Results Excluding Data from the Test 2-B and Test 4-A Samples

Excluding the outliers of Test 2-B coupon and the Test 4-A coupon, we observe a more
expected trend where ILSS decreases with increasing ultrasonic attenuation. An additional
source of error in the ultrasonic images used in this research is the appearance of the ultrasonic
“gate” in the image as seen in the straight blue line in the comparison image Figure 4-70. This
will affect the measured attenuation based on color count performed in this image analysis.

Figure 4-70: Comparison of Ultrasonic C-Scan and In Situ Surface Photo of Test 2-B
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Considering the ambiguity in the ultrasonic image of the Test 2 sample (as described in
section 4.2.1) the results from Figure 4-67 and Figure 4-68 were duplicated again only using the
results from the Test 4 sample. As seen in Figure 4-71, this greatly improves the expected
negative trend between ultrasonic attenuation and ILSS.

TEST 4 RESULTS ONLY
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65.0

Figure 4-71: Correlation Between Ultrasonic Attenuation and
Calculated ILSS Using Data Only from the Test 4 Sample

Unfortunately, the correlation between surface void content and ILSS is not improved
using this same observation as seen in Figure 4-72. Both the entire data series from Test 4
showed positive correlations between surface void content and calculated ILSS; the slope of this
trend is only decreased a small amount when omitting the outlying data point from the Test 4-C
coupon.
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Figure 4-72: Correlations Between ILSS Data from Test 4 Coupons and
Measured Surface Void Content

This observation is contrary to what was expected. It is proven knowledge and common
understanding in industry that a higher void content on the surface was believed to reflect the
void content throughout the sample due to a common pressure gradient. It would be dangerous to
assume this positive correlation is accurate to composite performance especially considering the
small number of samples used in this study.

4.5.3

Correlations of Ultrasound and Surface Photography from ILSS Results
As previously described, it was hoped that from the results obtained in this ILSS research,

we would observe the correlations between ultrasonic attenuation and surface void content, as
was an objective of this thesis. The values of these measurements for each ILSS sample were
taken, combined and observed in Figure 4-73.
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Figure 4-73: Observed Relation Between Surface Void Content from
Surface Photography and Through-Thickness Ultrasonic Attenuation

Unfortunately, the correlations are weaker when combining these two inspection
techniques as compared to those seen in Figure 4-67 and Figure 4-68. As was also described in
the previous section, the research performed during the ILSS testing is not immune to variation.
It is not improbable that this same experimentation would reveal more linear results if the sample
manufacture was done with extensive care, as were the C-scan imaging.
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5

5.1

CONCLUSION

Research Conclusions
In situ void measurement, ultrasonic attenuation and cross-sectional microscopy were

compared through a variety of methods to several composite laminates. Additionally, ILSS tests
were performed on these samples. Observing trends and fluid dynamics from these tests, the
research reported in this paper validate past research for in situ void tracking performed at
Brigham Young University.
From the observations of this research, it is conclusive that the behavior of vegetable oil
as a substitute fluid in place of a thermosetting epoxy when validating fluid dynamics and flow
with the added benefit of convenience. This research compares this fluid as used in research by
Mr. Zobell (2017) and Mr. Burton (2018) with that performed herein with thermosetting epoxy,
and as described in Section 4.1.7. The similarities in fluid flow properties justify this substitution
and produce useful results regarding the flow front with the added convenience of a non-curing,
low-cost infusion fluid. The methods of infusing samples with a fluorescent dye and monitoring
the flow front under black light can be used to verify fluid flow simulation, model validation,
infusion troubleshooting, etc.
Unfortunately, the research performed in this work does not show any strong correlations
between using in situ surface photography as a predictor to the localized void content through the
thickness of composite laminates. It is possible whether this is due to an upward vertical
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movement of the bubbles during infusion as a result of Bernoulli’s fluid laws or differences in
surface flow friction between the sample laminates and the top surface of the mold cavity.
Also, there unfortunately were no observable models herein which could be used to
model the formation of voids. However, it is greatly believed that an increase in the number of
samples used in these experiments would result in better correlations of this data, in addition to a
model used for void formation. It is also unfortunate that no correlations were observed between
the results measured from the ILSS tests. However, an increase in test samples would be
believed to produce more usable correlations between each of the test methods performed here.

5.2

Recommendations for Expansion
Based on findings from this research, the following areas of expansion on this work are

assumed to be valuable and recommended:

5.2.1

Expansion of Correlation Analysis as Seen in Chapter 7
As was explained in Section 4.4, the analysis regarding the comparison between results

of the three test methods used in this work would increase the confidence level of the determined
existing relationships. The same analysis performed on the infusion specimen from Test 1 can
also be performed with specimens from the other tests, as well as a utilization of additional data
points to determine a more robust correlation.

5.3

Improved Ultrasonic Imaging
Although the ultrasonic C-scans obtained from these test laminates were done to the best

of the understanding and expertise of those involved with this research, which were students
instructed by industry professionals, it is believed that more accurate images with higher
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resolution are possible. It is possible that with additional expertise and improved equipment (i.e.
adjustable probe mount, sample bath, etc.), improved images could be obtained with the
possibility of observed trends not seen in this work.

5.3.1

Utilize Different Fabrics
As mentioned in the description of the reinforcement system used for this testing,

samples utilized non-crimp 45° fabric and were oriented in warp and weft direction with respect
to cross-stitched support fibers. These support fibers significantly affect the flow of resin
throughout the material. Using a unidirectional NCF that does not utilize support stitching would
yield different and valuable results without the visible effects of support stitching. Considering
the simpler geometry of these fiber orientations, void movement will be much more predictable
than those obtained from the bias-oriented fabric used in these tests. Additionally, utilization of
various woven glass and carbon fabrics will provide valuable insight considering the added
complexity of resin flow and air movement within these types of fabric.
As was specified in Section 4.5.1, the fabric used in this research required deviation from
the testing standards prescribed by DIN EN 2563. Utilization of unidirectional NCF would
properly comply with the ILSS standard and may possibly yield stronger correlations than what
was observed in Section 4.5.3.

5.3.2

Advanced or Alternative Tooling
An expansion beyond simple unidirectional infusions to more advanced tooling shapes

would further validate this method as valuable for manufacturers to adopt. One preliminary test
was conducted with conventional vacuum bag material as commonly used in industry placed on
top of the mold cavity as a barrier. Although this test was not used for analysis throughout this
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paper, it was visibly apparent that the fluorescent resin is easily observed through this barrier.
This technique shows promise for use in industry. An application study of using this technique
during the manufacture of a three-dimensional part with complex or curved geometry would be a
productive step toward bringing this method from academic research to mainstream utilization in
the composites manufacturing industry.

5.3.3

Through-Thickness Study Expansion to Other Test Samples
As was explained in Section 4.4.3, the numerical analysis performed herein would benefit

from additional data gathered from the unused test samples. The constraints of time and scope
limited microscopic analysis to the Test 4 sample. Despite the increased time required,
performing these same cross-sectional microscopy analyses on samples from Test 1,2 and 3, as
well as on tests performed with other fabrics and methods will provide industry with information
and insight, not only for the utilization of the techniques used in this study for void measurement,
but also for the characteristics of void formation.
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APPENDIX A.

PROCESS NOTES

Included here are selections of notes taken during infusion tests. The selections have been
edited to only include information relevant to the infusion processes, excluding that which is not
pertinent to the research of this thesis.
Pre-Test ‘A’ August 31, 2018
Using Rhino 4111 Fast Hardener with no degas. Top mold of cavity sealed off with piece
of vacuum bag peel-ply (poor top finish) but voids easily visible through the sheet. Test
performed at 1.5bar. Outlet left exposed to atmosphere throughout entire test. Upon completion
of the infusion, the pressure pot's air supply was shut off with remaining pressure allowed to vent
through the mold.
Pre-Test ‘B’ September 9, 2018
Again, using Rhino 4111 Fast Hardener with no degas. Using glass as top seal on mold
cavity which has very good transparency compared to the previous test. Test performed at 1.5bar.
Outlet left exposed to atmosphere again. In this test, the inlet hose was clamped off from the
pressure pot once the infusion had completed.
Failed Test ‘C’ October 30, 2018
Degas has questionable results; sample degassed to -25inHg and held there until pressure
is slowly reintroduced after 10 minutes, but resin is still very foamy. Sample is uncured even
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after 18 hours (slow hardener used) at 1.5Bar. Mold separated too early - super tacky and messy
upon separation. Test scrapped as a result. I suppose resin cure time is drastically increasing due
to decrease in ambient temperature this time of year. Test results scrapped due to these issues.
Failed Test ‘D’ October 31, 2018
Same results of degas as those from October 30th, despite an extended degas time. Mold
left closed until mostly cured, not tacky on separation this time (thankfully) but sample still
somewhat ductile. Sample looks like a sponge - very porous. Test results scrapped again.
Test 1 Results November 13, 2018
Using Rhino 4111 Slow Hardener this time. Degas process is to drop mixture to -25Hg
and then slowly let it repressurize similar to previous tests. Mixing procedure was very cautious
to not "whip" air into the mixture this time. This worked with another experimental resin mixture
using the fast hardener.
In order to maintain pressure gradient, both vent and inlet were clamped off once the
entire sample was infused (first to vent, then inlet a little while later). Unfortunately lots of racetracking and pooling on the top of the sample, which is strange because this mold is clamped
tight. Very large bubble observed in the inlet cavity just before the fabric, only noticed it while
clamping off the inlet. It should also be noted that the same 2%-of-mass of dye was added to this
resin, but it seemed the mixture was much more saturated with oil and dye compared to past
resins used.
Almost 24 hours later, resin still uncured. Perry Burton and Brock Zobell both got results
that tremendous infusion speed reduces macrovoid formations. A group of Canadian researchers
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also have shown that microvoids don't actually form with tremendously fast infusion, but I am
still looking for this source.
Test 2 Results November 28, 2018
Initial release of resin in infusion made pressure spike to 2.0bar but was quickly corrected
to back to 1.5. A lot of clotting of the dye in this resin. Next infusion I will reduce to 1.5% or
maybe even 1% by mass instead of 2%. Interesting anomaly around the inlet hole. Looks like a
black gathering hole of the dye, but not sure; it is reducing in size as the infusion continues.
Verification that the "whipping" of air into the resin during mixture was what caused the resin to
be foamy during the tests on October 30th and 31st.
Test 3 Results December 5, 2018
First test with the material oriented in the warp direction. Dye concentration in the resin
mixture dropped to 1% dye-by-mass, which had no discernible decrease in visibility compared to
previous tests at 2%, but was much less messy to clean up. Same procedure as the test on
November 28th. The pressure pot regulator is not constant and requires continuous monitoring
and occasional corrections, but overpressure held at 1.5bar with some fluctuations.
Test 4 Results December 12, 2018
Viscosity tested resin before the infusion. Mixed resin then separated into two samples,
one was kept alone as control, dye was added to the second sample at 2% by mass. Viscosity
taken with Dr. George's Brookfield DV-E viscosity tester with a number-62 insert. The two
batches were then combined and used in the infusion at 1% dye by mass. The second warp
direction infusion this time. As has been the case with some past infusions, pressure regulator
requires monitoring, but overall pressure held at 1.5bar with some fluctuations.
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APPENDIX B.

Sample
Test 2 A
Test 2 B
Test 2 C
Test 2 D
Test 2 E
Test 2 F
Test 4 A
Test 4 B
Test 4 C
Test 4 D
Test 4 E
Test 4 F

TABLETED RESULTS OF ILSS TESTING

ILSS
Yield Force (lb) Yield Force (N) Calculated ILSS
-423.2
-1882.5
54.3
-315.6
-1403.8
40.5
-446.1
-1984.2
57.2
-390.2
-1735.5
50.1
-413.1
-1837.5
53.0
-373.2
-1660.2
47.9
-429.0
-1908.0
55.0
-417.3
-1856.2
53.5
-491.3
-2185.1
63.0
-367.3
-1633.7
47.1
-457.9
-2036.6
58.7
-430.4
-1914.4
55.2

Count
24.0
18.0
20.0
28.0
15.0
12.0
12.0
18.0
20.0
10.0
18.0
44.0

ImageJ
Total Area Avg Size % Area
2374.0 98.9 14.0
380.0 21.1
2.2
710.0 35.5
4.9
1279.0 45.7
8.3
344.0 22.9
2.4
922.0 76.8
6.3
932.0 77.7
1.7
1186.0 65.9
2.1
4110.0 205.5 7.4
424.0 42.4
0.8
454.0 25.2
0.8
1479.0 33.6
2.7
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avg
159.6
232.8
235.4
227.2
231.0
221.8
117.2
194.9
233.6
174.8
206.6
230.5

stdev
58.0
19.0
16.0
23.0
22.0
37.0
62.0
36.0
16.0
39.0
37.0
22.0

UT SCAN in ImageJ
attenuation blue-high blue-low
22.8 217.6 101.6
12.0 251.8 213.8
11.6 251.4 219.4
13.0 250.2 204.2
12.3 253.0 209.0
13.9 258.8 184.8
31.3 179.2 55.2
18.4 230.9 158.9
11.9 249.6 217.6
21.7 213.8 135.8
23.1 243.6 169.6
12.3 252.5 208.5

dev% high dev % low
15.7
-24.2
9.7
4.4
9.2
4.7
10.4
4.0
10.2
4.0
12.5
2.1
18.8
1.4
13.1
3.0
9.2
4.8
14.0
3.1
19.6
9.3
10.0
3.9

APPENDIX C.

RENDERING OF FIGURE 4-29
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APPENDIX D.

LARGER PRINT OF FIGURE 4-64
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